The gene coding for human growth hormone (hGH) was fused to the coding sequence for the signal peptide of a secreted Escherichia coli protein, STII heat-stable enterotoxin. This hybrid gene was expressed in E. coli. The signal peptide is properly processed and hGH is secreted in to the periplasmic space. In E. coli, some of the material made is proteolytically clipped or deamidated. The effect of culture conditions on the expression and secretion of hGH was studied and several important parameters were identified, including culture temperature and duration, cultivation pH, K + levels, plasmid structure, and nutrient supplements. Alteration of culture conditions significantly improves the recovery yield and product quality of human growth hormone.
Sirmmary
The gene coding for human growth hormone (hGH) was fused to the coding sequence for the signal peptide of a secreted Escherichia coli protein, STII heat-stable enterotoxin. This hybrid gene was expressed in E. coli. The signal peptide is properly processed and hGH is secreted in to the periplasmic space. In E. coli, some of the material made is proteolytically clipped or deamidated. The effect of culture conditions on the expression and secretion of hGH was studied and several important parameters were identified, including culture temperature and duration, cultivation pH, K + levels, plasmid structure, and nutrient supplements. Alteration of culture conditions significantly improves the recovery yield and product quality of human growth hormone.
Introduction
Genetic engineering techniques have made it possible to express and secrete foreign proteins in E. coli cells [l-51. However, there is very little published literature describing $Present address: Biolog, Inc., 3447 Investment Blvd., # 3, Hayward, CA 94545, U S A .
Abbreviation used: hGH, human growth hormone. the effect of culture conditions on the production of secreted foreign protein. Miyake's group [ 51 reported that productivity of human epidermal growth factor is strongly affected by the E. coli host strain, incubation temperature and incubation duration. We reported [6] that certain culture medium conditions such as culture pH, K' concentration, and the presence of yeast extract are important for hGH expression and excretion. The system achieved hGH secretion by fusing the gene coding for hGH to the sequence coding for the signal peptide of E. coli STIl heat-stable enterotoxin. In this paper, we describe results obtained as we continued to explore the effects of culture medium on the productivity and product quality. Two new hGH secretion plasmids have been constructed. The new plasmids have similar promoter and signal sequence combinations, but differ in the way the cloned gene sequence is inserted into pBR322. The effects of these changes in plasmid structure are also described. In secreting hGH into the periplasmic space, limitations were encountered in fully processing the pre-sequence into the mature protein and in avoiding deamidation and specific proteolytic attack.
Proteolysis of hGH
As we reported earlier [6] , several major hGH-derived protein bands were detected on the immunoblots of nonreduced SDS gels. These bands corresponded to apparent molecular masses of 22 kDa, 24 kDa, 25 kDa and 27 kDa. Based on results obtained from N-terminal sequence analysis, the 22 kDa protein is mature hGH with the natural N-terminus, phenylalanine. The 24 kDa protein is also a mature form, except that an unusual endoproteolytic clip at a Thr-Tyr (Thr-142, Tyr-143) sequence is present. This two-chain molecule is held together by a disulphide bond. Based on results obtained from cell fractionation and reduced versus non-reduced gel analysis, we proposed that the 25 kDa and 27 kDa proteins are, respectively, one-chain and twochain forms of STIIhGH. In time-course experiments, the levels of the unprocessed proteins rose and then diminished as the mature forms appeared.
Deamidation of hCH
Mature hGH can be extracted efficiently using an osmotic shock procedure. Several mature hGH protein bands were detected on an isoelectric focusing gel. These bands have apparent PI values of 6.1, 5.85 and 5.5. The 6.1 and 5.85 proteins are two-chain, clipped hGH and intact hGH, respectively. The 5.5 protein was determined to be deamidated hGH.
Effect of temperature
The effect of temperature on hGH production was examined briefly. The production organism was cultured at 33"C, 37°C and 42°C. Growing E. coli at 37°C gave significantly higher product levels than growing E. coli at 33°C or 42°C. Cell growth rate at 37°C was also nearly optimal.
Effect of pH
Culture pH had a profound effect on hGH production and clipped hGH formation. A shake-flask experiment was performed in which the pH was systematically varied over the range 5.0-8.5, using a well-buffered medium containing 120 mM-triethanolamine and dimethylglutaric acid to prevent pH fluctuation during cultivation.
The optimal pH for hGH productivity was approximately 7.0 and the productivity fell off sharply when the medium was acidic or alkaline. Culture pH also strongly influenced hGH product quality (Fig. 1) . As culture pH decreased, the formation of pre-hGH decreased and the formation of clipped mature hGH increased. It was reported [7] that a higher pH increased the rate of alteration of growth hormone to more acidic forms (deamidated forms). Therefore, we preferred a cultivation pH slightly above pH 7.0. Immunoblot with hGH antiserum after non-reduced SDS/ polyacrylamide-gel electrophoresis of E. coli whole-cell extracts. E. coli 294 containing plasmid phGH-0 was used. This plasmid has a structure similar to that of phGH-1 [6] , but utilizes a different promoter for hGH synthesis. Cells were grown at 37°C for 22 h, in a medium buffered at pH 5.5 to 8.5 with 120 mM-triethanolamine/dimethylglutaric acid.
Effect of K'
Extracellular cation concentrations also dramatically affected hGH expression and secretion. The initial production organism was cultured in modified LB medium with varied K+ or Na' concentrations in the medium. Assay results indicated that secretion was inhibited by high K', while Na' concentration showed no significant effect on hGH secretion (Fig. 2) . After growing E. coli in chemically defined media with a constant Na+ concentration (70 mM), but with varied K + concentrations, an immunoblot of a non-reduced gel revealed that pre-hGH forms were increased as the K + concentration increased, indicating that the secretion/processing of hGH is inhibited by high K+ concentration. The kinetics of hGH expression were followed in medium containing either low or high K' . Immediately after product induction, large pre-hGH bands were observed. As the culture progressed, mature hGH appeared, but the pre-hGH continued to accumulate. Under these conditions, the secretion process appeared to be inefficient. hGH secretion appeared to be more efficient under low-K + conditions. After overnight incubation, pre-hGH was processed completely into mature hGH only in the low-K' medium.
Plasmid structure effect
In further experiments using hGH secretion plasmids having minor differences in the way the hGH coding sequence is inserted into pBR322. contrasting results were obtained with regard to the K+ effect. AmpK tets plasmid phGH-1 and ampK tetK plasmid phGH-3 were constructed by inserting the hGH coding sequence into the tetK element and the EcoRI site of pBR322, respectively 16). The inserted fragment was in a clockwise orientation. Amp" tetK plasmids phGH-4R and phGH-4L were constructed by replacing the Pstl to EcoRl of the ampK element of pBR322 with the STIIhGH coding sequence in a clockwise and an anticlockwise orientation, respectively. After growing E. coli in a chemically defined medium, assay results indicated that hGH productivity was at least 2-fold higher for the tets plasmid in the low-K+ medium and 2-fold higher for the tetK plasmids in the high-K+ medium. Immunoblots of non-reduced gels Fig. 2 . Effect of cation concentrations on hGH secretion E. coli 294 carrying plasmid phGH-0 was grown at 37°C for 24 h in phosphate-buffered LB medium with varied K' and Na+ concentrations: +, varied Na'/K+ 74 mM; 0 , varied K+/Na+ 85 mM. Cell extracts were assayed by radioimmunoassay for hGH production. hGH levels are normalized as relative expression level. Fig. 3 . Plasmid structure and potassium effects on hGH secretion lmmunoblots with hGH antiserum after SDS/polyacrylamide gel electrophoresis (non-reduced) of whole-cell extracts of E. coli containing various plasmids which were either tetH or ampH. Cells were grown at 37°C for 24 h in antibioticsupplemented medium containing high Na+ (70 mM-Na, 0.2 mM-K) or high K' (0.2 mM-Na, 70 mM-K).
revealed that pre-hGH forms were present in the high-K+ medium only for the tetS plasmid phGH-1. No pre-hGH was observed for the tetK plasmids regardless of the K+ or the Na+ concentration used (Fig. 3) . The orientation of the hGH coding sequence does not affect the K f concentration preference. The results indicated an apparent correlation of K' concentration preference and hGH secretion efficiency with the tetracycline-resistance gene of pBR322.
We reported earlier [6] , that by comparing the growth of E. coli strains ( a ) having normal K' transport; ( b ) lacking the high-affinity K+ transport (kdp) genes and ( c ) lacking both high-and low-affinity K' transport (kdp, trk) genes, cells carrying a tetR plasmid (pBR322 or phGH-3) grew more poorly on low-K+ medium, whereas cells carrying a tetS plasmid (phGH-1) grew better than a plasmid-free control. If we hypothesize that the tetracycline-resistance protein interferes with potassium transport and that an optimal internal concentration of K+ is required for efficient secretion, then these results are consistent with the tetR hGH plasmids producing more hGH in high-K' medium, whereas the tetS plasmid produces more hGH in low-K' medium. Epstein's [8] and recently Kazim's [9] group reported that the tetR protein of pBR322 complements the K' transport defect of E. coli. We do not understand why our results appear to be the reverse of these findings, but the most likely explanation is that there is a supressor allele in either their strains or in our strain.
During the course of medium development for the hGH fermentation, several mineral salts mixtures, differing in the Na+ and K+ ratio, were evaluated. Positive correlations of the K' effect, the plasmid-structure effect and hGH expression and secretion were obtained between results in the 10 I fermenter and results in the shake flask.
Effect of culture supplements
We have identified crude fraction( s) of yeast extract that have a stimulatory effect on hGH expression [6] . Several complex nutrients and single chemicals were also tested.
Most agents tested had no apparent effect 161. Triethanolamine, a bufferin agent, which may be membrane active as triethylamine [ 100 was examined using a chemically defined medium. Triethanolamine seems to decrease clipped hGH formation at an optimal concentration of around 80 mM. Other alkyl cations tested had no effect.
Conclusions
We previously reported the importance of several culture medium factors on hGH expression [6] . These factors are culture pH, K' levels and fractions of yeast extract. In this study, we demonstrated that culture conditions not only affect hGH total expression levels, but also strongly influence the product quality. The objectives of developing a production process such as optimizing expression, achieving total processing, and avoiding internal proteolysis and deamidation can be addressed by examining the effects of plasmid structure and various culture media. Cultivation temperature, cultivation pH, K + levels, plasmid structure and yeast extract have a profound effect on the quantity and quality of hGH produced. Increasing culture pH, and adding culture supplements, such as triethanolamine, can minimize the percentage of clipped hGH. Decreasing culture pH and incubation temperature seems to avoid hGH deamidation, thereby reducing the percentage of acidic hGH forms. Using a tetR plasmid instead of a tetS plasmid reduces the accumulation of pre-hGH.
